The objective of this study was to evaluate the effects of triethylene glycol (TEG) and triethylene glycol monomethacrylate (TEGMA) solutions as dentin primers on dentin bonding. To this end, wall-to-wall polymerization contraction gap width of a resin composite in a cylindrical dentin cavity and shear bond strength to a flat dentin surface were measured. Dentin was pretreated with an experimental dentin bonding system -consisting of 0.5 M ethylenediaminetetraacetic acid conditioner, TEG or TEGMA primer, and Clearfil Photo Bond bonding agent -prior to resin composite filling. When the cavity was primed with an aqueous solution of 35 vol％ TEG, 35 or 45 vol％ TEGMA for a few seconds, contraction gap formation was prevented completely. Then, among these three gap-free groups, there were no significant differences in shear bond strength. It was thus shown that both TEG and TEGMA were highly effective dentin primers, completely preventing contraction gap formation even when they were applied for only a few seconds.
INTRODUCTION
It is widely recognized that dentin priming is essential to obtaining good bonding of resin materials to dentin. Dentin primer was first developed and introduced by Munksgaard and Asmussen, whereby it was reported that the tensile bond strength of resin monomers to flat dentin surface was significantly improved when the latter was pretreated with an aqueous mixture of 2-hydroxyethyl methacrylate (2-HEMA) and glutaraldehyde after conditioning with ethylenediaminetetraacetic acid 1) . They explained that the priming mechanism was mediated by the amino group in dentin collagen -which was activated by glutaraldehyde and polymerized with 2-HEMA 2) . However, we previously reported that glutaraldehyde was not required because marginal adaptation of the resin composite in the cylindrical dentin cavity was not affected by glutaraldehyde in the primer, if a commercial dentin bonding agent containing phosphate ester monomer was applied after priming 3) . Most commercial dentin primers and self-etching dentin primers still contain 2-HEMA as the main component, despite several strong warnings of possible severe side effects on skin tissue 4, 5) . Thus, clinical use of 2-HEMA-based dentin primers and self-etching dentin primers could be harmful, and the development of other dentin primer materials should be investigated. We previously reported that an aqueous solution of glyceryl monomethacrylate (GM) was effective as a dentin primer because it completely prevented contraction gap formation in a lightactivated resin composite 6) . We have also previously reported that the priming effect of two diol solutions, ethylene glycol and 1,6-hexanediol, was comparable to that of GM solution 7, 8) . However, while a priming time of only a few seconds was sufficient for the GM solution, the diol solutions required more than 60 seconds 9) . Sugizaki explained that primers worked by expanding the microspaces in the dentin collagen network -which collapsed as a result of dentin conditioning 10) . It has also been reported that a damp dentin surface enhanced collagen expansion 11) . However, although enamel has much less collagen than dentin, dentin bonding agent bonds to enamel more strongly than to dentin 12) . In addition, bonding to enamel and dentin should be explained by the same mechanism because the dentin bonding agent is applied to both the enamel and dentin cavity wall within the same cavity.
We previously claimed that decalcification of the dentin cavity wall by dentin conditioner compromised the marginal integrity of the resin composite in the dentin cavity, and that dentin primer possibly prevented fluid flow through dentin substance as well as adhesive monomer infiltration into the dentin 13, 14) . Thus, concentration of the adhesive monomer, as well as calcium, at the dentin-resin adhesive interface were maintained at a high level to ensure polymerization of the calcium-monomer compound without fluid contamination.
It is known that drug release is delayed when the drug is callused with polyethylene glycol (PEG) because of the water absorption properties of PEG 15, 16) . Consequently, it is possible to reduce the frequency of injections by drug pegylation. The purpose of the present study was to investigate the effects of triethylene glycol (TEG) and triethylene glycol monomethacrylate (TEGMA), which is an esterified methacrylate with TEG, as dentin primers. Our first selection of TEG and TEGMA, among the other medically applied PEGs, is explained as follows. To obtain primers with a perfect fit, two factors must be considered: suitability of each candidate (including methacrylate derivatives for the primer) and the optimal concentration. Therefore, we first developed an experimental primer with TEG, which has a similar molecular weight as GM, and then used TEGMA to examine the need for methacryloyl group as a primer.
MATERIALS AND METHODS

Contraction gap measurement
Intact human permanent molar teeth stored in tap water after extraction were used. Marginal integrity of the resin composite in the cylindrical dentin cavity was examined according to the contraction gap width measurement method reported by Asmussen 17) . After proximal enamel was flatly eliminated, a cylindrical cavity approximately 3 mm in diameter and 1 mm in depth was prepared in exposed dentin with a cylindrical fissure bur. Dentin cavity wall was conditioned with neutralized 0.5 mol/L ethylenediaminetetraacetic acid (pH 7.4) (EDTA, Dojin, Wako Pure Chemical Industries Ltd., Osaka, Japan) for 60 seconds, then rinsed and dried. Next, the cavity was primed for 60 seconds with an aqueous solution of triethylene glycol (TEG) or triethylene glycol monomethacrylate (TEGMA) (NOF Corp., Tokyo, Japan) at a concentration ranging from 15 to 55 vol . After removing excess primer by an air blast, a commercial dual-cured dentin bonding agent (Clearfil Photo Bond, Kuraray, Okayama, Japan) containing a functional monomer of 10-methacryloxydecyl dihydrogen phosphate (10-MDP) was applied. Excess dentin bonding agent was removed by a gentle air blast, and the remaining bonding agent was irradiated for 10 seconds using a visible light source (White Light, Takarablmont Co., Osaka Japan).
Immediately after irradiation, the cavity was slightly overfilled using a commercial light-activated resin composite (Silux Plus, 3M, MN, USA). The composite surface was covered with a plastic matrix and a glass plate briefly pressed on the latter before being irradiated for 40 seconds. After placing the specimens in tap water for 10 minutes, the overfilled composite was removed using wet carborundum paper and the exposed resin-dentin margin was polished using a linen cloth with alumina slurry. At 10 minutes after filling in of resin composite, the margin was polished for about three minutes.
Marginal integrity was inspected under a light microscope (Orthoplane, Leitz, Wetzlar, West Germany). Contraction gap width was measured at eight points, located 45 degrees apart, along the cavity margin at a magnification of 1024 using a screw micrometer (Eyepiece Digital, Leitz, Wetzlar, West Germany) mounted on the ocular lens of the microscope. Contraction gap value was recorded as the sum of diametrically opposing gap widths as a percentage of cavity diameter. The largest of the four observed contraction gap values was used as the maximum contraction gap value of the specimen. When contraction gap formation was prevented completely, priming time was reduced to one second. Ten specimens were prepared for each group, and data were analyzed by Kruskal-Wallis test at p 0.05.
SEM observation
After contraction gap width measurement, marginal adaptation and morphology were observed using a scanning electron microscope (SEM; S-4700, Hitachi, Tokyo, Japan). For SEM observation, specimens in the contraction gap-free groups were primed for one second, while those in the control group were treated with 1 N hydrochloric acid for 20 seconds. Besides, the resin adhesive surface of non-primed specimens and those primed with 45 TEGMA for one second were also observed after eliminating the dentin in hydrochloric acid and sodium hypochlorite.
Specimens were gradually dehydrated in a series of ethanol solutions, whereby concentration was increased from 70 to 95 (i.e., 70 , 80 , 90 , and 95 for 30 minutes each), and then 99 for two 15-minute periods.
Subsequently, specimens were critical point-dried and sputter-coated with palladium and platinum.
Shear bond strength measurement For groups that were primed for one second, the shear bond strength of dentin adhesive to the flat dentin surface was measured.
After extracted human teeth were embedded in an epoxy resin (Epofix, Struers, Copenhagen, Denmark), proximal enamel was removed and a flat dentin surface was prepared using wet carborundum paper ( 600). A split Teflon ring with an inner diameter of 3.6 mm was clamped on the substrate after dentin was pretreated in the same manner as that for contraction gap-free groups. Resin composite was then poured into the cavity of the Teflon mold to a depth of 3 mm or less and irradiated for 40 seconds.
Immediately after irradiation, the specimens were placed in tap water for 10 minutes and shear bond strength was measured using a universal testing machine (Instron 4302, Mass., USA) at a crosshead speed of 1 mm/min.
Bond strength was also measured following the same procedure that was used for contraction gap measurement as given above, where gap width was determined subsequent to the polishing (which was performed at 10 minutes after composite filling).
In the control group, the priming step was omitted during specimen preparation prior to the measurements of both contraction gap and shear bond strength.
Data were analyzed by Kruskal-Wallis test at p 0.05. (Fig. 1) . As for other TEG and TEGMA groups in which contraction gaps were observed, there were no statistically significant differences in gap value among these groups. In addition, non-primed group exhibited a gap value that was statistically significantly different from those of 60-second primed groups (Kruskal-Wallis one-way analysis of variance by ranks, p>0.05).
RESULTS
When priming time was reduced to one second, contraction gap formation was still prevented completely in 35 TEG, as well as 35 and 45 TEGMA ( Table 2) . Table 3 shows the shear bond strength measurements. Be it with or without priming, no significant differences were observed among all the groups (Kruskal-Wallis one-way analysis of variance by ranks, p>0.05).
Through SEM observation, it was found that neither a hybrid layer nor a bonding agent layer was clearly and expressed formed in TEGMA-primed After EDT A co ndition ing , the cavity wa s prim ed w ith trie thy len e gly col (TE G) or tr iethy len e g lyco l mon ometh acry late (T EGM A) for 60 secon ds. N 10. M ean S D of m arg inal gap wid th in per cen tag e to th e cavity diame ter. Nu mb er of g ap-fr ee spe cimen s is indica te d in par enth es es for each co ndition . *,** : N o s ign ific ant diffe ren ces s tatis tically (Kr us kal-W allis test, p> 0.05). Table 1 Contraction gap widths of resin composite in cylindrical dentin cavity after 60-second priming A fter ED TA con ditionin g , th e cavity w as pr imed with trie th y len e g lycol (T EG ) or tr iethy len e g ly col mon ome thacr ylate (TE GMA ) for on e seco nd. N =10. Mean SD of s he ar bon d stre ng th. T hes e gr ou ps wer e no t sig n ifican tly differe nt statistically (Kr us kal-W allis test, p >0.05). In the non-primed specimen, resin tag has permeated into the dentin-resin adhesive interface. *: Resin component which had permeated to the side shoot. Fig. 6 In the specimen primed with 45 vol% TEGMA for one second, resin tag has permeated into the dentin-resin adhesive interface. specimens (Fig. 2) . Moreover, resin composite was bonded close to the dentin cavity wall. In unprimed specimens, contraction gap was formed between the resin composite and dentin cavity wall (Fig. 3) . As for TEG-primed specimens, marginal adaptation was slightly inferior, presumably due to artificial stress caused by vacuum evaporation (Figs. 4 and 5) . In TEGMA-primed specimens, penetration of resin into collateral branches was prevented, as shown in Fig. 6 . In unprimed specimens, however, resin tags in the fine collateral branches were clearly observed (Fig. 7) .
Thus, priming prevented resin penetration into the collateral branches of dentinal tubules.
DISCUSSION
It is widely known that dentin bonding agents bond to acid-etched enamel better than with dentin. This is probably due to the organic matter and water in dentin which interfere with the bonding of resin to dentin.
Therefore, additional bonding procedures aimed at eliminating possible bonding inhibitors should be required for dentin only.
Dentin priming was primarily developed by Munksgaard and Asmussen, even though they did not fully understand the underlying mechanism 1) . They explained that dentin priming improved the efficacy of dentin adhesives because of the chemical activation of dentin collagen by glutaraldehyde. It has also been claimed that dentin primers worked by expanding the collapsed microspaces in the dentin collagen network and that dentin bonding agents penetrated the damp dentin surface, thereby forming a hybrid layer 10) .
These bonding explanations, however, were contradictory because they meant that the bonding agent (monomer) bonded to both the inorganic component in enamel and the organic component in dentin within the same cavity.
We have reported that the contraction gap width of resin composite restoration in cylindrical dentin cavity was significantly increased when the dentin cavity wall was decalcified by dentin conditioning 13) . In addition, it has been shown that gap width was increased when an experimental dentin bonding agent without adhesive monomers such as 4-META and 10-MDP was applied to the cavity 18) . Therefore, we suggested that marginal adaptation of resin composites in the dentin cavity was probably achieved by a chemical interaction between the adhesive monomer in dentin bonding agent and the inorganic component of dentin. In contrast, other researchers claimed that bonding agents attacked organic substances based on measurement of bond strength to the flat tooth surface and observation of the ultramicrostructure of dentin adhesives sandwiched between two dentin disks 19, 20) .
This difference in opinion on whether the bonding target in dentin is inorganic (Ca) or organic (collagen) probably stems from differences in the evaluation method of the bonding efficacy of dentin adhesives. Dentin adhesives are used in resin composite restorations to prevent separation of the resin composite paste from the cavity wall, arising from contraction during polymerization and curing 17) . Therefore, the efficacy of dentin adhesives should be evaluated in a three-dimensional cavity and not by bond strength measurement to a two-dimensional flat dentin surface.
Indeed, the relationship between dentin bonding and polymerization contraction of resin composites cannot be merely and adequately explained in terms of bond strength. The bond strength of dentin adhesives is significantly affected by the mechanical properties of the resin composite bonded to the dentin surface. This is because the tensile bond strength at cohesive fracture strongly reflects the mechanical tensile bond strength of the resin composite 21) . Complete cavity adaptation is obtained when the free surface without a cavity wall allows the resin composite to flow into the cavity and firmly adhere to the cavity wall without allowing any gap formation. Therefore, composites with high inorganic filler content frequently interfere with the flow of the resin composite, resulting in a wide contraction gap 22, 23) . The proportion of free surface to the adhesive surface of a resin composite restoration significantly affects the cavity adaptation of the resin composite 24) . It has also been shown that contraction gap width is closely correlated with the proportion of cavity wall to the free surface of a resin composite restoration 25) . It can be concluded from these findings that the free surface of resin composite restorations is always greater than the adhesive surface, and that a contraction gap is never formed in specimens prepared for bond strength measurement. Therefore, the efficacy of dentin adhesives should be evaluated based on marginal integrity observation rather than bond strength measurement.
In our previous study 14) , contraction gap and ultra-microstructure at the dentin-resin adhesive interface were observed by transmission electron microscopy (TEM). Based on the TEM observations obtained, we suggested that dentin primer containing an aqueous solution of glyceryl monomethacrylate prevented contraction gap formation of lightactivated resin composite in a cylindrical dentin cavity. This was because the dentin primer might have interfered with adhesive monomer diffusion into the dentin as well as fluid flow through the dentin structure 14) . As a result, the dentin primer seemed to effectively "enamelize" the dentin, causing the physical properties of dentin to resemble those of enamel. The bonding mechanism for both enamel and dentin must be the same because the adhesive monomer in the bonding agent is supposed to bind with calcium. Bonding to enamel which is rich in minerals and which contains no water to inhibit polymerization can be easily achieved. Conversely, dentin which contains water and organic matter requires a special treatment step called priming which is not necessary for enamel bonding.
Polyethylene glycol (PEG) is used medically for injectable drugs 15, 16) . Since PEGs absorb water and form a hydrogel capsule, the time required for drug release and metabolism is prolonged. Consequently, it is possible to reduce the frequency of injections by drug pegylation. In this study, it was shown that TEG and TEGMA were highly effective dentin primers, even when the priming time was of limited duration. It was possible that TEG and TEGMA prevented monomer infiltration into the dentin structure and fluid flow to the dentin cavity wall. Similarly, PEG and PEG monomethacrylate may cause a transient change in the physical characteristics of dentin to those of enamel. Based on the results of contraction gap width and bonding strength measurements, we therefore do not consider methacryloyl group as an essential component of dentin primers for effective priming. This is supported by the fact that there are some alcoholbased primers besides TEG. Indeed, in the quest for contraction gap-free bonding with dentin, further study is needed in the following aspects: a more in-depth understanding of the bonding mechanism with direct observation of bonded samples, continued effort in the search for potential primers, and the clarification of common properties among those that have achieved contraction gap-free bonding.
For the clinical application of TEG and TEGMA, further studies on the biocompatibility of these two materials are warranted, even though triethylene glycol dimethacrylate (TEGDMA) is widely used as a component of the base resin matrix of resin composites. In the same vein, PEG and PEGMA have much potential as the main component of not only dentin primers, but also self-etching dentin primers and one-bottle adhesive systems, thereby avoiding the side effects of 2-HEMA-based primers.
